Introduction
============

Silver nanoparticles (AgNPs) are one of the most widely used nanoparticles in biomedical and industrial fields because of their antimicrobial properties. Various consumer products containing AgNPs have been developed over many decades, such as sterile medical devices, dermatological products, home appliances, surface cleaners, and food storage containers.[@b1-ijn-11-597],[@b2-ijn-11-597] However, the toxic effects of AgNPs have recently raised concerns. It has been reported that AgNPs can enter the body through many routes of exposure, translocate into the bloodstream, and accumulate in particularly the liver and kidneys.[@b3-ijn-11-597] The kidney is one of the main excretory organs, which removes metabolic wastes, absorbs minerals, and produces hormones. Therefore, aberrations of the kidney can lead to many serious conditions.

Even though AgNP toxicity is well characterized, methods to prevent the toxic effects remain unknown. Previous studies have revealed that AgNPs can induce cellular apoptosis through the mitochondrial-dependent apoptosis pathway that involves downregulation of the pro-survival protein Bcl2.[@b4-ijn-11-597] Many reports show that the main mechanism of AgNP-induced damage in mammalian cells is mediated by increases in the level of intracellular reactive oxygen species (ROS) and oxidative stress.[@b5-ijn-11-597],[@b6-ijn-11-597] Interestingly, this is the same mechanism through which AgNPs induce toxicity in microbes.[@b7-ijn-11-597] Using a general antioxidant to reduce ROS and prevent toxicity also reduces the ability of AgNPs to kill microbes. To optimize AgNPs for killing microbes without toxicity to mammalian cells, a cytoprotective compound is needed to exert antioxidative effects only in mammalian cells.

In this study, we aimed to develop a method to prevent the toxicity of AgNPs for broader and reliable use. Erythropoietin (EPO) and its derivatives have shown benefits in protection of various cells and tissues against acute and chronic injuries.[@b8-ijn-11-597]--[@b12-ijn-11-597] Recently, many researchers have focused on derivatives of EPO because they exert comparative cytoprotective effects with less adverse side effects such as overproduction of red blood cells.[@b13-ijn-11-597] Glutaraldehyde erythropoietin (GEPO), a modified form of EPO, is decidedly one of the most outstanding candidates in terms of protection against cellular injury. This compound was found to exert the same renoprotective effects as EPO both in vitro and in vivo. In addition, GEPO prevents kidney damage by increasing the expression of Bcl2 protein.[@b14-ijn-11-597]

The cytoprotective effects of GEPO led to our hypothesis that the cytotoxic activity of AgNPs toward renal cells would be ameliorated by applying this compound. Therefore, this study aimed to evaluate the cytoprotective effects of GEPO on a renal cell line (HEK293) with cytotoxicity induced by AgNPs.

Materials and methods
=====================

Ethics
------

Ethics approval was not sought, as the institutional review board of Chulalongkorn University did not require it for the use of human cell lines in this study.

Characterization of AgNPs
-------------------------

Commercial nanosilver in aqueous buffer, which contained sodium citrate as a stabilizer, was purchased from Sigma-Aldrich (St Louis, MO, USA). The absorption wavelength of AgNPs was primarily determined using an ultraviolet (UV) spectrophotometer (Beckman Coulter, Brea, CA, USA). To characterize the particle size and shape, an AgNP solution was analyzed in a carbon-coated copper grid by a Hitachi H-7650 transmission electron microscope (TEM) equipped with a charge-coupled device (CCD) camera (Hitachi High-Technologies Corporation, Tokyo, Japan).

Cell culture
------------

Human embryonic kidney cells (HEK293) were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin. The cells were grown in 75 cm^2^ culture flasks at 37°C in a 5% CO~2~ incubator.

Cytotoxicity assay
------------------

Because living cells express mitochondrial dehydrogenase, detecting the level of this enzyme was used to assess cell survival. Cell viability assays were conducted in 96-well plates. A total of 5×10^3^ cells in 45 µL DMEM were seeded into each well and incubated overnight at 37°C with 5% CO~2~. To determine the dose for induction of cytotoxicity by AgNPs, HEK293 cells were treated with AgNPs at various concentrations (1--100 µg/mL) for 4 hours. Prior to AgNPs treatment of HEK293 cells, each dilution of AgNPs was dispersed in DMEM culture media by pipetting. The treatment concentration of AgNPs was determined by the half maximal inhibitory concentration (IC~50~) value. Then, assessment of cytoprotection by GEPO was performed by the following treatments: 1) negative control (DMEM only), 2) AgNPs, 3) GEPO pretreatment before addition of AgNPs, and 4) EPO pretreatment prior to administration of AgNPs. Six replicates were included for each sample. PrestoBlue™ reagent (Invitrogen, Carlsbad, CA, USA), a cell-permeable compound that becomes highly fluorescent through reduction by dehydrogenase, was then added to each well, followed by incubation for 30 minutes. Cell viability was determined by measurement of the fluorescence intensity using a microplate reader at 530 nm excitation and 590 nm emission.

Morphological evaluation
------------------------

To analyze changes in cell morphology, HEK293 cells were seeded in 24-well plates at a density of 5×10^4^ cells/well and incubated at 37°C with 5% CO~2~ for 24 hours. Cells cultured in medium alone were used as a negative control. Alterations in cell morphology were assessed in cells treated with 20 µg/mL AgNPs and compared with cells pretreated with 0.42 µg/mL GEPO before addition of AgNPs using a phase contrast microscope (Eclipse TS 100; Nikon, Tokyo, Japan) and TEM (Hitachi).

Death pattern analysis
----------------------

The pattern of cell death was determined by flow cytometry (FACSCalibur; Becton Dickinson, Franklin Lakes, NJ, USA) after staining with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide (PI) (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer's instructions. Briefly, cells were collected by trypsinization, washed twice with cold phosphate-buffered saline, and resuspended in annexin V binding buffer. FITC-conjugated annexin V and PI working solutions were added to the tube containing the collected cells, followed by incubation in the dark at room temperature (25°C) for 15 minutes. Stained HEK293 cells were analyzed within 1 hour after staining by the FACSCalibur using emission filters for FITC at 530/30 nm and PI at 585/42 nm. The percentage of cells undergoing different types of cell death was analyzed by CellQuest software (Becton Dickinson).

Real-time PCR analysis
----------------------

For the cell proliferation assay, *Ki-67* gene expression was used to indicate cell cycle progression. Total RNA were isolated from the cells with TRIzol^®^ Reagent (Life Technologies, Carlsbad, CA, USA) and quantified by a micro-volume spectrophotometer at 260 nm. cDNA was synthesized in a 20 µL reaction using a RevertAid™ First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer's instructions. To analyze gene expression in the real-time polymerase chain reaction (PCR) system (StepOnePlus; ABI Applied Biosystems), Express SYBR^®^ GreenER™ qPCR Supermix Kit was used (Invitrogen). The threshold cycle values for *Ki-67* gene amplification were normalized to the endogenous housekeeping gene (*GAPDH*) expression level in relation to the calibrator.

ROS generation
--------------

To evaluate intracellular ROS levels, we used 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) reagent (Invitrogen). The cells were treated under the same conditions as those for the cell viability assay. HEK293 cells growing in black 96-well plates were treated with DCFH-DA reagent for 30 minutes in the dark. After nonfluorescent DCFH-DA reagent penetrates into cells, esterases within the cells initiate hydrolysis of DCFH-DA to 2′,7′-dichlorodihydrofluorescein. 2′,7′-Dichlorofluorescein produced by oxidation of 2′,7′-dichlorodihydrofluorescein in the presence of ROS was immediately detected using a fluorescence microplate reader at an excitation wavelength of 485 nm and emission wavelength of 528 nm. The emission intensity of the AgNP-treated group was measured and compared with the GEPO-pretreated group.

Western blotting
----------------

The expression of Bcl2 protein was examined by Western blot analysis. Cell lysates were centrifuged, and the supernatants were collected. The total protein concentration was determined using a BCA protein assay kit (Thermo Scientific). For immunoblotting, the proteins were loaded onto a 10% polyacrylamide gel and separated by electrophoresis. Then, the separated proteins were transferred to a polyvinylidene fluoride membrane. The membrane was incubated with a 1:500 dilution of rabbit polyclonal anti-Bcl2 as a primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at an optimal overnight at 4°C. After three washes, the membrane was incubated with a 1:500 dilution of goat anti-rabbit secondary antibody (Santa Cruz Biotechnology) conjugated with horseradish peroxidase for 1 hour. The immunoreactive bands were visualized using an enhanced chemiluminescence Western blot substrate. Equal loading of proteins was confirmed by measuring β-actin.

Results
=======

AgNP characteristics
--------------------

Commercial AgNPs were characterized by TEM and a UV--vis spectrometer. The particles had a spherical shape and mean size of 10 nm ([Figure 1A](#f1-ijn-11-597){ref-type="fig"}). The maximum absorption wavelength was 403 nm that corresponded to the yellow color of the AgNP dispersion ([Figure 1B](#f1-ijn-11-597){ref-type="fig"}).

Cytotoxic effects of AgNPs on HEK293 cells
------------------------------------------

The dose-dependent cytotoxic effect of AgNPs on HEK293 cells was examined by a PrestoBlue™ cell viability assay. HEK293 cells were exposed to AgNPs at concentrations of 1--100 µg/mL for 4 hours. The IC~50~ was 19.74 µg/mL ([Figure 2A](#f2-ijn-11-597){ref-type="fig"}). In further experiments, the concentration of 20 µg/mL AgNPs was selected to assess protective effects of GEPO against AgNP-induced cell injury.

GEPO increases cell viability
-----------------------------

We hypothesized that EPO and the derivative GEPO can inhibit the cytotoxicity of AgNPs. Thus, we pretreated HEK293 cells with these compounds and investigated the cell viability after exposure to AgNPs. As a result, the pretreated groups showed significantly higher cell viability than the non-pretreated group ([Figure 2B](#f2-ijn-11-597){ref-type="fig"}).

GEPO protects against cellular damage
-------------------------------------

To determine whether AgNP-induced cytotoxicity was associated with an altered morphology of HEK293 cells, we evaluated the morphological changes of AgNP-exposed cells with and without GEPO pretreatment by phase contrast microscopy and TEM ([Figure 3](#f3-ijn-11-597){ref-type="fig"}). Compared with the untreated group ([Figure 3A and D](#f3-ijn-11-597){ref-type="fig"}), AgNP-treated cells showed a distinct morphology and ultrastructural alterations. After incubation with AgNPs, HEK293 cells became round, the number of cells decreased, and the cells detached from the surface of the culture plate ([Figure 3B](#f3-ijn-11-597){ref-type="fig"}). In addition, TEM analysis of AgNP-exposed cells revealed karyolysis and pyknosis characteristics, including nuclear fading due to chromatin dissolution and shrinkage of the nucleus, respectively ([Figure 3E](#f3-ijn-11-597){ref-type="fig"}). These specific changes in nuclear morphology suggest the initial stage of apoptosis caused by cell damage. On the other hand, GEPO-pretreated cells retained their normal cellular morphological characteristics as shown in both light microscopy and TEM analyses ([Figure 3C and F](#f3-ijn-11-597){ref-type="fig"}).

Assessment of the cell death pattern
------------------------------------

To confirm the involvement of GEPO in prevention of cell death, both FITC-conjugated annexin V and PI were employed to examine the pattern of cell death. The data showed the percentages of cells that were stained by either annexin V or PI or double-stained by both molecules to indicate cell death or the unstained cells that represent live cells. Cells treated with AgNPs had a higher percentage of apoptotic cells, including early apoptotic cells (63.58%) and late apoptotic cells (21.22%) compared with GEPO pretreated cells (0.94% and 0.45%, respectively) ([Figure 4](#f4-ijn-11-597){ref-type="fig"}).

GEPO restores the proliferative ability of cells
------------------------------------------------

To confirm that GEPO maintains the normal proliferation of cells, the expression of Ki-67, which is a marker of cells undergoing proliferation, was evaluated by real-time reverse transcription-PCR ([Figure 5](#f5-ijn-11-597){ref-type="fig"}). The level of Ki-67 expression in AgNP-exposed cells was unchanged, whereas that in GEPO-pretreated cells before exposure to AgNPs was increased significantly.

GEPO exerts cytoprotective effects via amelioration of ROS
----------------------------------------------------------

AgNPs exert toxic effects on cells mainly by increasing ROS generation. To explore the role of GEPO in prevention of ROS production, we next investigated the level of ROS generation. HEK293 cells after treatment with AgNPs showed significant augmentation in the generation of ROS compared with the control group. However, the intracellular ROS, which were generated by AgNP treatment, were substantially attenuated by GEPO pretreatment ([Figure 6](#f6-ijn-11-597){ref-type="fig"}).

GEPO exerts cytoprotective effects by upregulation of Bcl2
----------------------------------------------------------

In our previous study, we revealed that administration of GEPO induces Bcl2 expression.[@b14-ijn-11-597] Accordingly, to evaluate the effect of GEPO on AgNP-exposed cells, Western blot analysis was applied to measure Bcl2 protein expression. We found that AgNPs considerably inhibited the expression of Bcl2 protein, whereas cells pretreated with GEPO showed upregulation of Bcl2 protein expression ([Figure 7](#f7-ijn-11-597){ref-type="fig"}).

Discussion
==========

In this study, we investigated the effect of GEPO, a cytoprotective compound that has been shown to protect against renal cell apoptosis by upregulation of Bcl2 protein as well as ameliorate kidney damage induced by ischemic/reperfusion conditions.[@b14-ijn-11-597] Our results revealed that AgNP-exposed cells had morphological damage, decreased cell viability, increased ROS generation, and downregulated Bcl2 expression. Pretreatment with GEPO not only attenuated the ROS production but also upregulated Bcl2 expression, which probably contributed to rescuing the cellular damage induced by AgNPs. Therefore, GEPO possibly has a beneficial effect on AgNP-induced renal cell injury.

AgNPs are one of the most popular nanomaterials in many consumer products. The expansion in the use of nanosilver has led to an increase in the awareness of its toxicity.[@b15-ijn-11-597],[@b16-ijn-11-597] AgNPs damage cells, which contributes to the generation of free radicals and the consequential cellular oxidative stress and reduction in Bcl2 protein expression.[@b15-ijn-11-597] Bcl2 protein has a role in the antioxidant pathway and has been reported to protect cells against apoptosis induced by ROS.[@b17-ijn-11-597],[@b18-ijn-11-597] Thus, an approach that possibly targets both the cellular stresses resulting from ROS generation and regulation of Bcl2 protein expression is an appropriate strategy for the prevention and treatment of cellular injury caused by AgNPs.

Although it is unclear how GEPO prevents AgNP-induced cellular injury, our previous study showed that GEPO has a binding affinity for a tissue-protective receptor, the IL3RB/EPOR heterotrimeric receptor.[@b14-ijn-11-597] Under normal conditions, this tissue-protective receptor is not expressed but appears when cells are exposed to noxious stimuli.[@b19-ijn-11-597] Tissue-protective compounds including modified forms of recombinant human EPO have been reported to exert protective effects via this receptor.[@b13-ijn-11-597],[@b19-ijn-11-597],[@b20-ijn-11-597] The initial step after these types of tissue-protective molecules bind to the IL3RB/EPOR heterotrimeric receptor is autophosphorylation of the JAK2 molecule. Following JAK2 phosphorylation, STAT, PI3K/Akt, and MAPK pathways are activated. The activation of these three pathways plays an important role in the regulation of mitochondrial integrity, activation of anti-apoptotic signals, and inhibition of pro-apoptotic molecules.[@b19-ijn-11-597] Therefore, it is possible that the cytoprotective effects of GEPO are mediated by activation of the IL3RB/EPOR heterotrimeric receptor.

The prominent features of cells after exposure to AgNPs are cytotoxicity, including a reduction in cell viability, abnormal morphology, and an impairment in the ability to proliferate.[@b21-ijn-11-597]--[@b23-ijn-11-597] Previous reports have suggested that exposure to AgNPs causes cell cycle arrest.[@b24-ijn-11-597],[@b25-ijn-11-597] Conversely, based on our results, AgNPs had no significant effect on cell proliferation compared with the control. Ahamed et al found that the toxic effects of AgNPs are not only dependent on cell type-specific responses to this nanomaterial but also related to concentration-dependent effects.[@b26-ijn-11-597] A low dose of AgNPs has anti-proliferative effects, whereas a high dose has been shown to activate cell proliferation.[@b27-ijn-11-597] These findings suggest that a toxic concentration of AgNPs may function as a molecular activator of proliferative pathways.

In our study, treatment of the renal cell line with GEPO promoted the cells to enter the active phase of the cell cycle. Interestingly, the level of proliferation observed in cells pretreated with GEPO and then treated with AgNPs was higher than that in cells treated with GEPO alone. It is likely that either both GEPO and AgNPs have the potential to increase cell proliferation independently or AgNPs might play a role in amplifying the proliferative effect of GEPO in the deleterious environments induced by AgNPs. A possible explanation for the combined effect of AgNPs and GEPO in the augmentation of renal cell proliferation is cross-regulation of the JNK pathway by these two molecules. JNK is a member of the MAPK family and functions as a key molecular mediator in the activation of cell proliferation.[@b28-ijn-11-597],[@b29-ijn-11-597] Activation of the JNK pathway has been reported to be triggered by cellular oxidative stress resulting from AgNPs and functions as a regulator in the activation of compensatory cell proliferation.[@b30-ijn-11-597]--[@b33-ijn-11-597] Moreover, EPO has been found to potentially stimulate this pathway and consequently induce cell proliferation.[@b34-ijn-11-597],[@b35-ijn-11-597]

We found an increase in the number of apoptotic cells among cells treated with AgNPs alone, whereas pretreatment with GEPO decreased the percentage of apoptotic cells. However, the pattern of cell death among cells pretreated with GEPO appeared to switch from apoptosis to necrosis. Previous studies have reported that EPO and its derivative exert protective effects by inhibiting caspase-9 and -3 activities.[@b20-ijn-11-597],[@b36-ijn-11-597] In addition, it has been revealed that the mechanism underlying the switch in the pattern of cell death is related to inhibition of caspases.[@b37-ijn-11-597],[@b38-ijn-11-597] Based on these findings, we propose that GEPO reduces cell death not only by increasing expression of the anti-apoptotic protein Bcl2 but also by inhibition of caspases involved in apoptosis.

In addition to the protection of renal cells, based on our results, GEPO was found to exert antioxidative effects. Pretreatment with GEPO before AgNP treatment diminished the induced ROS generation, one of the major causes of AgNP-induced cellular injury.[@b5-ijn-11-597],[@b22-ijn-11-597] This is the first report to show that GEPO prevents ROS generation. We propose the possibility that GEPO acts in a similar manner as EPO. Previous studies have reported direct antioxidative effects of EPO in renal endothelial cells.[@b39-ijn-11-597],[@b40-ijn-11-597] In addition, EPO increases antioxidative enzyme expression as well as upregulates Nrf2 and heme oxygenase-1.[@b39-ijn-11-597]--[@b42-ijn-11-597] Upregulation of Nrf2 and heme oxygenase-1 has significant protective effects against AgNP-induced cellular toxicity.[@b43-ijn-11-597],[@b44-ijn-11-597]

The present study demonstrated the ability to prevent AgNP-induced cell injury by GEPO, which decreased ROS generation and stimulated Bcl2 expression. These findings increase our understanding of GEPO as a cellular protective compound and suggest a molecular mechanism of this agent. However, the mechanisms of action of GEPO in the reduction of ROS and activation of Bcl2 protein expression are still unknown. Further studies are needed to reveal the precise mechanism and the associated pathways of GEPO in protection against cellular toxicity induced by AgNPs.

Conclusion
==========

In summary, our data confirmed that, under conditions of cellular oxidative stress and the consequential cytotoxicity induced by AgNPs, GEPO exhibited a cytoprotective function in the renal cell model. GEPO is able to reduce ROS generation and promote expression of the pro-survival protein Bcl2, which promoted cell survival. This finding sheds light on prevention of nanosilver toxicity. The next step is to better understand the cell signaling processes that are specifically responsible for cell protection conferred by GEPO. Based on this knowledge, AgNPs can be potentially used without cellular toxicity, at least in human kidney cells.
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![Characterization of AgNPs by TEM (**A**) and spectroscopy (**B**).\
**Abbreviations:** AgNPs, silver nanoparticles; TEM, transmission electron microscopy.](ijn-11-597Fig1){#f1-ijn-11-597}

![Effect of AgNPs and GEPO on cell viability.\
**Notes:** Effect of AgNPs on the viability of HEK293 cells at 4 hours of exposure (**A**). Percentage of viable cells following AgNPs exposure with or without GEPO pretreatment (**B**). Data are the average of four replicate samples (\*\*\**P*\<0.001 and \*\*\*\**P*\<0.0001 compared with the AgNP-treated group). + indicates 0.0084 µg/mL GEPO added; ++ indicates 0.042 µg/mL GEPO added; +++ indicates 0.084 µg/mL GEPO added; and − indicates no GEPO added.\
**Abbreviations:** AgNPs, silver nanoparticles; GEPO, glutaraldehyde erythropoietin.](ijn-11-597Fig2){#f2-ijn-11-597}

![Effect of AgNPs and GEPO on cell morphology.\
**Notes:** Light microscopy and TEM images of untreated cells showed no morphological changes (**A** and **D**). After 4 hours of exposure to AgNPs, morphological structures indicating cellular damage and apoptosis were detected (**B** and **E**). Pretreatment with GEPO maintained a near normal cell shape (**C** and **F**). (**A**--**C**) 200× magnification used.\
**Abbreviations:** AgNPs, silver nanoparticles; GEPO, glutaraldehyde erythropoietin; TEM, transmission electron microscopy; LM, light microscopy.](ijn-11-597Fig3){#f3-ijn-11-597}

![Death pattern analysis of cells treated with DMEM only (**A**), AgNPs (**B**), or pretreated with GEPO before administration of AgNPs (**C**).\
**Abbreviations:** DMEM, Dulbecco's Modified Eagle's Medium; AgNPs, silver nanoparticles; GEPO, glutaraldehyde erythropoietin; PI, propidium iodide.](ijn-11-597Fig4){#f4-ijn-11-597}

![Detection of Ki-67 mRNA expression in HEK293 cells exposed to AgNPs with and without GEPO or EPO pretreatment.\
**Note:** Data are the average of three replicate samples (\*\**P*\<0.001 and \*\*\**P*\<0.0001 compared with the AgNP-treated group). "−" indicates no GEPO added; "+" indicates 0.042 µg/mL GEPO added.\
**Abbreviations:** AgNPs, silver nanoparticles; GEPO, glutaraldehyde erythropoietin; EPO, erythropoietin.](ijn-11-597Fig5){#f5-ijn-11-597}

![ROS generation of HEK293 cells in the presence of AgNPs with and without GEPO or EPO pretreatment.\
**Note:** Data are the average of four replicate samples (\*\*\*\**P*\<0.0001 compared with the AgNP-treated group).\
**Abbreviations:** ROS, reactive oxygen species; AgNPs, silver nanoparticles; GEPO, glutaraldehyde erythropoietin; EPO, erythropoietin; ASC, ascorbic acid.](ijn-11-597Fig6){#f6-ijn-11-597}

![Western blot analysis of Bcl2 protein in AgNP-treated cells with or without GEPO pretreatment.\
**Abbreviations:** AgNP, silver nanoparticle; GEPO, glutaraldehyde erythropoietin.](ijn-11-597Fig7){#f7-ijn-11-597}
